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I. INTRODUCTION

This project is concerned with development of a sound

basis for understanding high temperature low cycle fatigue

(LCF) in Ni base superalloys. The most fundamental aspect of

that understanding has to do with ascertaining what is meant

by the term “damage.” For example , it is generally assumed~~~
3
~

that “damage” is the result of various forms of plastic defor-

mation , either athermal deformation (commonly referred to as

“plastic” deformation) or creep or both. Laws have been formu—

lated on the basis of intuitively appealing yet physically un-

substantiated ideas. Thus a very important aspect of this

study has to do with a very careful evaluation of the possi-

billities: (1) “plastic ” deformation in the form of dislocation

debris; (2) creep deformation , also in the form of dislocation

debris (although possibly different from (1)); (3) creep/”plastic”

deformation interactions, this is commonly referred to as creep!

fatigue; (4) environmental interactions (e.g. oxidation) ;

(5) interactions between the deformation mode and the environ-

ment; (6) formation of new phases; and (7) interactions between

new phases the environment and slip mode.

In addition to studying damage accumulation , the effects

of structural stability are being investigated. This is espe-

cially important since long service times at elevated tempera-

tures and high stresses can cause radical structural alterations.

Finally, the results of these studies are being used to

develop life prediction techniques in both smooth bar and notch

LCF. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The principal material is cast and HIP Rene 80 since it

represents a typical current generation cast blade material

used at temperatures in excess of 1800°F. Progress made during

the period January 1 to December 31, 1977, is outlined in the

following sections.

II. EXPERIMENTAL RESULTS

A. Heat Treatment

All specimens have been HIPed to reduce porosity,

improve properties and minimize data scatter. The specimens

were subsequently heat—treated to give a duplex y ’ micro—

structure consisting of cuboidal precipitates approximately

ip and spheres approximately 0.OSp. The heat—treat was

essentially commercial except final ageing was done at

1400°F to maximize strenght. See Table I for heat—treating

schedule. The structure is shown in Fig. 1 in dark field.

B. Mechanical Testing

After heat—treatment, tests were carried out to evaluate

strength and ductility at 1400, 1600, and 1800°F, Figs. 2 and

3. Note the higher strength and somewhat lower ductility for

the heat-treatment used in this study compared to the normal

commercial treatment. 
. 

-

After tensile testing, smooth bar LCF tests were carried

out at 1400, 1600, and 1800°F at low and high rates. In

addition to the continuous cycling, LCF studies have been

carried out at 1800°F with a hold of 90 seconds at peak

strain and low and high strain rates. The LCF test results
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are shown in Figs. 4 and 5 as Coffin-Manson plots (data

for 1400°F tests is not extensive and is thus not plotted).

The data is tabulated in Table II. In addition to cycling

to failure, a number of companion specimens were unloaded

at the point of crack initiation and used for investigation

of the crack initiation sites. The data for these specimens

is also listed in Table II. Cyclic stress strain curves

are shown in Fig. 6 for the 1600 and 1800°F tests. Finally ,

the total energy to failure is shown in Table lIE. This was

obtained by measuring the average loop area. In some cases

the loop width was extremely narrow and an estimate of the

loop energy was made using a formula developed by the

(4)author . Note the good agreement between the calculated

and measured values of total energy where there was suff i—

cient data to make a measurement.

It is customary to assume that high temperature LCF H

properties are degraded with decreasing frequency or with

the imposition of a hold time at peak load ~~3)• Note Li

that this is definitely not the case for the alloy studied

in this investigation. In fact, as can be seen quite clearly

in Fig. 5, the l i fe actua lly decreases with increasing strain

rate (increasing frequency). This can be understood in terms

of an interaction between the slip mode and environmental

damage. It has previously been shown that at high stresses

the rate of environmental attack is greatly enhanced~
5
~ .

Now as the strain rate is increased , the peak stress is

generally increased , Table II. The combination of
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accelerated environmental damage and increased stress can

lead to a greatly reduced life. A similar effect was

seen in stress exposed specimens tested at a high rate to

a more pronounced extent~
6
~ . The above hypothesis assumes

that the dislocation debris in the lattice was independent

of test rate. Extensive TEM examination has been carried

out on this alloy for the continuous cycling case. Typical

micrographs are shown in Figs. 7—10 for LCF tests at 1400,

1600, and 1800°F. Regardless of strain rate the disloca-

tion density was non-uniform for specimens tested at 1400°F

and even at low rates there was a tendency for linear dis-

location segments and extensive faulting as seen in Fig. 7.

It should be noted that there were regions where there were

very few or no dislocations as can be seen in Fig. 8. Note

also the residual strain contrast from the very fine y ’

between the larger y ’ particles and the fact that the large

y ’ particles have retained their cuboidal shape. At 1600°F

the situation is somewhat changed as can be seen in Fig. 9.

There is still residual contrast from -the fine precipitates

but the larger precipitates have become somewhat more irreg-

ular. The dislocations tend to be localized between the

large y ’. The dislocations were also inhomogeneously dis—

tributed with many regions being identical to that seen

in Fig. la. Finally, at 1800°F the disloca—

tion density is again completely homogeneous as can be

seen in Fig. 10. The low rate test tends to have more ‘

regular arrays of dislocations, Fig. l0a, than the high 

~~~~~~~~~~~~~~~~~~~~~ .
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• rate test, Fig. lOb. It is also clear that the small pre-

cipitates have been dissolved and that the larger ones have

become more irregular in shape. The previous hypothesis

about environmental/slip mode interactions is strengthened

by these last photomicrographs . The dislocation debris

shown in Fig. lOb for the high rates is probably more

damaging than that shown in lOa so the concept of severe

degradation by “creep/fatigue interactions” is not physi-

cally verified for this alloy. Furthermore , the alloy is

not microstructur ally stable: it changes in such a way

as to become more ductile since the structure is coarsened

and the dislocation mean free path is greatly increased.

In no cases did we see any evidence of boundary cavitation

during fatigue . This is probably explained by the irregu-

lar ity of the boundaries and the numerous grain boundary

ca~bides , Fig. lob. In addition to the smooth ba~ LCF ,

notch LCF studies have been initiated and several results

are shown in Fig. 11 for high rates and continuoLs cycling .

The microstructural aspects have not yet been investigated .

However, some analytical work has been underway and this

is discussed in the following section. It is of interest

to note that in order to get good predictions of the ex-

perimental data using a theory that gives excellent agree-

ment for other materials at somewhat lower temperatures~
7
~

it was necessary to assume a theoretical stress concen-

tration factor of 2 instead of the correct value of 3.

The reasons for this may be related to microstructural
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stability and detailed microstructural examination is

underway . It will be recalled that in the most recent

renewal proposal, it was shown that the y ’ changes at the

notch root were different than was the case for uniaxial

tensile specimens.

C. Microstructural Stabi1~~~

Microstructural stability at high temperatures and

stresses is probably not possible. Stress has the effect

of exponentially enhancing diffusion rates and although a

structure is thermally stable it is unlikely to be stable

under stress. Evidence of this was shown in the preceed-

ing section. An effort to develop a temperature/stress

envelope of microstructural stability is underway and an

example of this is shown in Fig. 12 where y ’ plates on

{lOO} planes have developed from small cubes. The prop-

erties of coarsened structures are obviously di f fe rent

than those of the as—heat treated structure and in making

life predictions and correlations this knowledge is essen-

tial.

Another form of xnicrostructural instability is the

appearance of new phases. For example , it has been m di—

cated that with long exposure at 1800°F a combination of

M23C6/y ’ will form and this combination is susceptible to

environmental damage~
8
~~. This question has been investi-

gated by microprobe analysis using back—scattered electrons.

To date there is no indication that such phase changes occur.
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This may be due to insufficient precision and the technique is

being refined.

III. ANALYTICAL STUDIES

The author has been actively involved with the develop-

ment of fundamental models for LCF and FCP~
4’912~. With the

indication of an interaction between environment and slip mode,

a model is being developed for FCP in terms of cracking of an

oxidized layer ahead of a sharp crack. The model predicts a

direct dependence of FCP on AK , frequency and other parameters

and may be expressed by an equation of the form:

c~/~~ exP

(

2
2 _ ) exp-~~~ ~J— . . . (1)

where a = crack length

D0 = frequency factor in diffusion equation

C1, C2 = material constants

K = average stress intensity range

= yield strength

n = strain hardening exponent

R = gas constant

T = absolute temperature

Q = activation energy for diffusion (of oxygen,
for example)

V = frequency

Equation (1) is appealing since it contains major materials

and test variables and appears to qualitatively predict correct

dependences. A model using similar concepts is being developed

for LCF.

J
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Work has also been underway to refine and extend a finite

element model for predicting notch behavior . Preliminary anal-

yses to verify the stress state in the notched bar spec imens

have been completed.

The closed form solution of Neuber U3) for an in f in i t e

circumferentially notched bar was used as an approximation to

the actual notch bar geometry . The equation :

Kt = 
~ 

+ 1 + (.5 + v) ~~~
. + (1 + v) (~~

‘ -
~ + 1 + 1)]

where : N = ~~~+ 2v.J~ - + l + 2p

a = m m .  sect. radius = .0885”
p = notch root radius = .009”

V = Poisson ’s ratio

determines Kt = 3.29.

As a check and as a precursor to an elastic-plastic solu-

tion, a finite element model of the notch was run. The element

breakdown in Fig. 13 was used to model one quarter section of

the doubly symmetric structure. Fig. 14 illustrates the detail

in the notch region. (The smallest element is of the order of

.002— .003 inches in size.) The axial stress distribution ob—

tam ed from this model is shown in Fig. 15. This model yields

a value of Kt 3.5 when extrapolated to the surface. The

scatter in element stresses for distances away from the notch

less than .02 inches is indicative of insufficient model refine-

ment and makes extrapolation difficult.

~~ -- --- - - - - ~~~~~~~----- - - - . • - - f l .  • - - -~~~~
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A refined model , with elements of the order of .001 inch

was run to attempt to gain a better comparison . Fig . 16 is a

plot of the axial and maximum principal stresses near the notch

in this model. This model predicts Kt 3.30.

Thus a sufficient verification of the finite element

method and Neuber solutions has been shown for elastic loading.

This permits confident entry into the follow—on non-elastic

analyses.

The finite element model (with the fine breakdown) will

now be used in an elastic-plastic solution mode to analytically

determine the notch stresses and strains when the local region

is subjected to stresses above the yield strength . This solu-

tion will be used to assess the test specimen behavior and to

attempt to correlate microstructural changes to calculated

stress/strain fields.

IV. PERSONNEL

All research personnel who have contributed to this pro-

gram and the nature of their contributions are listed in Table

IV. The principal Investigator is Stephen D. Antolovich , Pro-

fessor of Materials Science, Uni-versity of Cincinnati. His

recent interests have included elevated temperature fatigue

life predictions (notched and un—notched) , the effects of

microstructure on fatigue crack propagation (both high and

low temperatures), improved fracture toughness in high strength

materials as a result of controlled phase transformations ,

stress corrosion cracking and corrosion fatigue in high strength

_ _

~

_ ,
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materials and low cycle fatigue and corrosion fatigue of bio-

medical implant materials. In addition to the high temperature

fatigue work described in this proposal a recent Ph.D. student ,

Dr. Paul Bania, completed his dissertation on high temperature

LCF in the titanium alloy Ti-5A1—5Sn—2Mo—2Zr-O.25Si at Wright—

Patterson Air Force Base. Another Ph.D. student , Mr. Shahid

Bashir , is currently studying LCF in René 95.

Four thesis students have been actively working on this

program. They are Messrs. Domas, Baur , Aizaz , and Rosa. Both

Messrs. Doinas and Baur hold positions with the Materials and

Process Technology Laboratory of General Electric and are pur-

suing their Ph.D. and M.S. degrees, respectively, in the

Materials Science and Metallurgical Engineering Department of

the University of Cincinnati. Amer Aizaz and Ed Rosa are full-

time graduate students. Mr. Aizaz has completed his M.S. in

the field of LCF and FCP in maraging steels and is presently

working towards a Ph.D. While four students are assigned to

this project, only Mr. Aizaz receives full financial support.

Mr. Rosa receives 75% of his stipend from the University as

part of the University ’s contribution to this research.

Messrs. Baur and Domas, even though full-time employees of G.E.,

are given occasional release time to pursue their thesis re—

search.

V. INTERACTIONS WITH AIR FORCE SPONSORED PRINCIPAL INVESTIGATORS

During October 1977 a meeting of the Superalloy Group was

held at the University of Cincinnati. In addition , close contact
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has been maintained with Professor R. Pelloux of MIT through

exchange of proposals, progress reports and occasional tele-

phone conferences and one visit to MIT.

VI. REPORTS IN PROGRESS

1) The Effect of Prior Stress Exposure on Low Cycle

Fatigue of René 80. With Paul Domas and J.L. Strudel.

Paper is out for preliminary review prior to submis-

sion for publication .

2) High Temperature Low Cycle Fatigue of René 77. With

Ed Rosa and A. Pineau. First draft of paper has been

completed and sent to Dr. Pineau for review.

- 
.
; 3) Misfit Parameter Determination in Ni Base Superalloys.

With J.L. Strudel. The work on René 80 is complete.

However, we decided to generalize the paper and include

additional alloys such as René 95 and René 77.

4) The Effect of Strain Rate and Hold Time on the Low

- Cycle Fatigue Behavior of René 80. With P. Domas and

A. Aizaz. In preparation

Preprints of the first two papers are available and will

be sent to AFOSR after preliminary review.

~~Fii..iL ~~ .... ~~~. . _  .•—. — — .—. ._ _ _ _  ~~~~~~~~
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Figur e 1. Brigh t f ield (a) , dark field (b) m i c r o g r a p h s  of
‘y’ ’  s truc ture in specimen g iven modified commercial
heat treatment. Final ageing was done at 1400°F
instead of 1550°F. Note the extremely f ine ‘y’ ’
structure that gives rise to the matrix strain
con tras t seen in both micrographs .
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Fig. 7 Specimen LL-7. TEM m i c r o g r a p h N f = 1800 = 0.7

= 0 . 0 0 6  v = 5 cpm . Note the tendency to form
linear dislocation segments in irregular arrays.
Tested at 14 0 0 ° F .
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Fig. 9 LCF substructures at ~50O°F. In (a), Ac 0.024
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Fig . 10 Specimen LL—1l •  N f = 3232 Ac t = 0 . 4 4  Ac~ = 0 .036
v = 5 cpm 1800°F. Note the regular dislocation
arrays  and the lack of res idua l contras t  from the
matrix indicating dissolution of the small ‘y ’ par-
ti cles .
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Fig. 10 Specimen LL—12. Nf = 1645 Ac
~ 

= 0.59  Ac~ = 0.53
(cont.) v = 50 cpm 1800°F. In (b) g = [002] and in (c)

g = (1111. Note the uniform dislocation density .
Note also that the arrays are less regular than in
the preceeding micrograph and the dislocation damage
is evidently more severe . Note also the typical
boundary carbides.

— - - ~~~~~~~ — —- --—- ‘-—------ --~-—~ --- -- —-‘------ -—-—- ~ - _ ___ _____ - _ ____ _~ _____ ____ _ ___ . ____ _ _~~i_ _ _ _ _ _ _



___________ - 
- - -  

- -  -- - -- - -  —-r- - -
~~ ~

- - - -  — 

-b

-

v-I
-4

• I I I
0 0 0 0 0 -

F .  (Q

~—(IS)D~ ONVd SS3dIS 1VNIV~iON



_ - - - -- - -~~~ - - -~~~~~

. 

1 HOUR 10 HOUR 100 HOUR

~~.- ~~~~~~~~~~~~~~~~~~ Vp~~~~~~
S

~~~ US ,p j l~~~~~~~~~*.d r-~ ’ s~~J-~~?. ~~~~~~~~ 
-

~~~:~~~
‘“ ~~~~~~ ?~~~~~~~~~~~~•~~~~~!

~~~~~~~~~ ~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~ ~1 ;;.a~~~~ ~~~ ‘ 
-

- 

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~

1

Fig. 12 Microstructural stability of heat-treated Rena 80 as
a function of time and temperature at a stress of 1/3
the yield stress. For the specimen exposed 100 hr.
at 1800°F the y ’ cubes have transformed into plates
parallel to (100) matrix planes and perpendicular to
the tensile axis. 
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Fig. 14 Enlarged region near notch of finite element model in
- 

- 
Fig . 13. (Numbers are element numbers). 
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